One of the properties of the immune system that makes it different from nervous and en-2 docrine systems of mammals is the ability of immune cells to migrate between different tissues.
Introduction
can be easily recorded. In larger animals an efferent lymphatic vessel exiting a given lymph is wide enough to allow cannulation and collection of cells exiting that specific lymph node.
As described above, following the classical studies by Gowans illustrating ability of lymphocytes to recirculate between blood and thoracic duct lymph, there have been multiple studies investigating 149 details of lymphocyte migration from blood to efferent lymph (reviewed in [30, [51] [52] [53] ). Transit times 150 via a particular lymph node (e.g., inguinal or cervical) have been inferred by transferring labeled 151 lymphocytes into the animal and measuring rate of exit of labeled lymphocytes via a cannulated 152 node in large animals such as sheep and pigs (e.g., [8, 9, 16 , 54-57, Figure 1A] ). Alternatively, 153 kinetics of lymphocyte migration from the blood to the thoracic duct (i.e., via the whole lymphatic 154 system) have been measured in smaller animals such as mice and rats (e.g., [36, 50, 58-65, Figure   155 1B]). Figure 1 : Typical examples of experimental data on lymphocyte migration from blood to lymph. In such studies, lymphocytes were isolated from a tissue (e.g., efferent lymph, lymph nodes, blood, spleen) and labeled with a label. In older studies labels were radioactive while newer studies involved fluorescent labels. Then cells were transferred intravenously into the same (e.g., sheep, panel A) or syngenic (e.g., rat, panel B) host. The accumulation of labeled cells in the efferent lymph of a given lymph node (panel A) or in the thoracic duct (panel B) were then followed. Different measures of the number of labeled cells have been used such as the number of labeled cells per fixed number of total isolated cells (e.g., estimated by measuring counts-per-minute (cpm) from the sample, panel A) or as the number or percent of injected cells (measured by total radioactivity) per unit of time (panel B deattach from the lymphoid tissues while in lymph nodes or the spleen [66] . Deattached cells move through the tissue and this "movement" was described by a transport equation. Attached cells, however, would not move, and thus the process of "attachment -detachment" generated a skewed distribution and matched data on thoracic duct cannulation in rats [66, 67] . This work suggested 20h 173 residency time of lymphocytes in the lymph nodes and 6 h residency time in the spleen of rats [66].
174
The model was further used to explain different kinetics of lymphocyte migration in irradiated or 175 thymectomized rats [67, 68] . It is now well understood that the basic assumption of the model that 176 cell attachment to structures in lymph nodes prevent lymphocyte exit is incorrect; rather, lymphocyte 177 use structures including fibroblastic reticular cells to move around and to exit lymph nodes although 178 precise mechanisms regulating lymphocyte exit from lymph nodes remain to be fully defined [69] . 
184
An important study quantified the residence time of antigen-specific naive and memory CD8 T 185 cells using a novel "transfer-and-block" technique [71] . In this approach, naive or memory CD8 T 186 cells, specific to the GP33 epitope of LCMV were transferred into congenic hosts and 24 hours after 187 cell transfer further entry of lymphocytes into LNs was blocked by using anti-CD62L antibodies.
188
CD62L is expressed on T cells and is generally required for cell entry into LNs [72] . The declining 189 number of LCMV-specific T cells remaining in the LNs at different times after the blockade was used It is interesting to note that we only know of one study that estimated residence time of lym-207 phocytes from data generated by cannulating individual lymph nodes in sheep [74] . The authors 208 proposed that lymphocyte migration within a lymph node can be described as a Markov process 209 with n states and probability of jump from one state to another forward (i → i + 1) or backward 210 (i → i−1). Reaching the n th state implied exit of a lymphocyte from the lymph node. The model was 211 fitted to the cannulation data similar to that in Figure 1A 
215
Depending on the dataset we found the average residence time of blood-derived lymphocytes in ovine 216 lymph nodes to be 18-22 hours. This is another demonstration that the estimate of the lymphocyte 217 residence time may not be robust to the choice of a model [75] . 218 We recently performed mathematical modeling-assisted analysis of experimental data on recir-219 culation of thoracic duct lymphocytes (TDLs) in rats [49] . In these experiments [50], lymphocytes 220 collected in rats via thoracic duct cannulation were transferred into a series of syngenic hosts and 221 accumulation and loss of the transferred cells in multiple lymphoid tissues was followed over time.
222
By fitting a series of mathematical models to experimental data we estimated the TDL residence We assume that cells entering a LN must undergo k exponentially distributed transitions before they can exit the node. In essence, this assumes that residency time of lymphocytes in a lymph node follows a gamma distribution. In the model X i is the number of lymphocytes residing in the i th compartment and m is the rate of transition of cells between subcompartments (see also eqns. (1)-(2)). Cells exiting the last subcompartment exit the lymph node into efferent lymph.
A novel experimental technique, the Kaede mice, allows to accurately track exit of lymphocytes Because our previous study suggested that distribution of residence times of TDLs in LNs was 241 best described by a gamma distribution (and not by exponential distribution) [49] , for experiments 242 with Kaede we describe exit of lymphocytes from a LN as cell "migration" via multiple (k) subcom-243 partments in the LN:
where m is the migration rate via a given subcompartment. The average residence time of lymphocytes in the lymph nodes is then given by T = k/m. Given that following photoconversion cells in 246 all subcompartments at the steady state have equal densities, x i (0) = 1/k, the mathematical model 247 (eqns. (1)-(2)) has a unique solution for the total number of cells in the LN
By fitting this solution (eqn. (3)) to experimental data from photoconversion experiments ( Figure   249 3) we found that this simple model describes well the data for the loss of photoconverted CD8 T cells 250 and B cells from the iLN ( Figure 3B&C ). However, the model was inadequate at describing the data 251 for CD4 T cells as judged by the lack of fit test [80, results not shown]. Visually, this is likely because 252 the loss of photoconverted CD4 T cells from the iLN is not exponential (compare Figure 3A & 3B ).
253
These results were independent of the number of subcompartments tested. While it is clear that CD4 254 and CD8 T cell populations most likely consist of subpopulations with perhaps different rates of exit 255 from the iLNs, e.g., naive and memory T cells, why we were not able to detect such heterogeneity 256 for CD8 T cells was unclear. It is possible that heterogeneity in CD4 T cells may come from a more 257 diverse sets of cell types present in this group, for example, naive, memory, and regulatory T cells.
258
Previously it was noted that naive and memory phenotype CD4 T cells have different exit kinetics . To more accurately describe the kinetics of loss of photoconverted CD4 T cells from iLNs we 262 extended the simple model (eqn. (3)) by allowing 2 subpopulations with relative frequencies f and 1 − f and with different exit kinetics determined by the rates m 1 and m 2 , respectively. In this model, 264 the total number of photoconverted (red) cells in the iLN is then given by 265
where x(t, m i ) is given in eqn.
(3). It is straightforward to extend this model to n subpopulations. Because there is a good understanding of the kinetics of blood recirculation in rats, we would 299 like to provide another interpretation of the kinetics at which TDLs pass via major tissues in rats.
300
Previous studies found that the total blood volume in rats is proportional to the rat weight [82], 301 and for 300 g rats, blood volume is V b ≈ 20 mL. Heart volume is dependent on the animal size and respectively. This suggests that the majority of TDLs pass via lung and liver vasculatures without 309 attachment! Importantly, only 0.8% of TDLs in the blood will migrate to the spleen and 0.6% will 310 migrate to LNs and PPs in one blood recirculation cycle lasting 9 seconds suggesting that the process 311 of entering secondary lymphoid tissues by recirculating TDLs is not very efficient.
312
Differential probability of lymphocyte migration via lung and liver vs. secondary lymphoid organs 313 is interesting but perhaps not unexpected given that these two organs are large and are expected 314 to collect large volumes of blood. Amount of blood going to any specific tissue (cardiac output) 315 has been measured in multiple species, for example, by measuring accumulation of labeled small 316 microspheres after injection into the blood [40, 56, 84]. While we did not find a single study in rats 317 measuring cardiac output to the same tissues as in our analysis (Figure 4) Table 1 : Summary of published estimates of residency times of resting lymphocytes in secondary lymphoid tissues such as spleen, lymph nodes, and Peyer's patches. Here ELL are efferent lymph lymphocytes (lymphocytes isolated by cannulation of individual lymph nodes, e.g., in sheep), TDL are thoracic duct lymphocytes (lymphocytes isolated by thoracic duct cannulation). In most other cases lymphocytes were isolated from lymph nodes and/spleen. Listed values for the lymphocyte residency time are as has been reported by authors and in some cases, half-life time of lymphocytes in the tissue (T 1/2 ) was converted to the residency time using formula T = ln 2 × T 1/2 . In some studies, estimates for the residence time of lymphocytes in lymph nodes were dependent on the lymph node type (e.g., [73]), therefore, the presented estimates are for the pooled data. For time-dependent residency times the initial value was used (e.g., [71] ).
Recirculation of activated lymphocytes in mice 324
The vast majority of previous studies focused on quantifying migration of naive and memory lympho- . In these experiments, lymphocytes were injected into the blood (B) and from the blood lymphocytes may enter lung (i = 2), liver (i = 3), spleen (S, i = 4), mesenteric LNs (mLNs, i = 5), intestine (I, i = 6) at rates m 1i with i = 2, . . . 6, respectively. Lymphocytes in these tissues may return to circulation at rates m i1 with i = 2, . . . 6. Lymphocytes may also leave the blood to other unsampled compartments and/or die at rate d (see eqns. (5)-(8)).
newly synthesized DNA, and therefore, only lymphocytes that were actively dividing in vitro became 339 labeled.
340
Following adoptive transfer recipient mice were sacrificed at different times after cell transfer 341 and the percent of labeled lymphocytes was measured in several major organs of mice including 342 blood, lung, liver, spleen, mesenteric lymph nodes (mLNs), thymus, kidney, and intestine [61, Figure   343 6]. Because very few cells migrated to thymus and kidney, we ignored these tissues in our following 344 analysis; inclusion of these tissues did not influence significantly estimates of other parameters (results 345 not shown).
346
To estimate the rates of activated T cell migration to major tissues of mice we adopted a mathe-347 matical model from our previous study [49] . In this model we assume that lymphocytes in the blood 348 can migrate to multiple tissues such as lung, liver, spleen, , and intestine, and following passage via 349 the tissue, the cells would return back to the blood. The rate of lymphocyte entry into i th tissue 350 from the blood is denoted as m 1i and the rate of exit from the i th tissue into the blood is then m i1 351 where i = 2, . . . 6. Following our previous work and some initial analyses in the model we assume 352 that T cell migration via the lung and liver follows 1st order kinetics (i.e., is described by an expo-353 nential distribution), but residence in the spleen, mLNs and intestine is gamma-distributed. Gamma 354 distribution of T cell residence in these tissues was modelled by assuming k subcompartments with 355 migration rate m i1 between subcompartments. With these assumptions the mathematical model is 356 given by a set of differential equations:
where x i is the percent of labeled cells found in the blood (i = 1), lung (i = 2), liver (i = 3), and (Table 2 ). In these experiments very few cells migrated to the mesenteric lymph nodes and we could not reliably estimate the residence times of these in vivo activated lymphocytes in the mLNs (e.g., 374 note large confidence intervals in Table 2 for this tissue compartment). We also found that about 375 15% of transferred cells in the blood per circulation cycle migrated to tissues/organs which have not 376 been sampled in these experiments, e.g., skin or other lymph nodes, or these cells have been dying 377 at a high rate. Indeed, it is expected that activated lymphocytes undergo programmed cell death 378 following clearance of the antigen which has been mimicked by the adoptive transfer experiments.
379
In 24 hours post-transfer, only 34% of injected radioactivity could be recovered from recipient mice Table 2 : Parameter estimates of the mathematical model that was fitted to the data on migration of in vivo activated TDLs in mice [61]. We list i) the rate of TDL entrance into a particular organ from the blood m 1i (second column), ii) the percent of cells leaving the blood into a particular organ (m 1i /(d + 5 i=1 m 1i ), third column), iii) the rate of exit of TDLs from an organ to the blood m i1 (fourth column), and iv) the average residence time of TDLs in the organ (fifth column). The rate of migration of TDLs from the blood to all organs, d + 5 i=1 m 1i , is 51.2 h −1 or the average residence time of cells in the blood is 1.2 min. The average residence time of cells in a particular organ is calculated as 1/m i1 (for blood, lung, and liver) and 2/m i1 for spleen, mLNs, and intestine. We assume k = 2 subcompartments in these latter organs since this allowed for the best description of the data based on AIC (results not shown). The rate of cell migration from the blood to other organs in the body d = 7.50 (3.68 − 10.02) h −1 . No dying cells were assumed to migrate to the liver as including this process did not improve the quality of the model fit to data (not shown). In brackets we show 95% confidence intervals calculated by bootstrapping the residuals with 1000 simulations [88]. 
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